INTRODUCTION
One of the most intriguing aspects of polyglutamine (polyQ) disease is that unique populations of neurons are affected in each disorder, despite the widespread and overlapping distribution of the disease-causing proteins in the central nervous system (Table 1 ). The molecular bases for neuronal specificity are unknown. The expansion of polyQ confers a multifaceted toxic gain of function to the bearing protein (Fig. 1) . The expanded polyQ alters protein folding, thus leading to generation of aggregates (visible by western blotting and filter retardation assay) and inclusions (visible by immunofluorescence techniques) in the nucleus, cytosol and neuropil. PolyQ protein aggregates may also sequester essential cellular constituents (11) , with consequent alteration of both cellular protein folding homeostasis (12, 13) and gene transcription (14) (15) (16) , as well as cleavage by cellular proteases, whose effect is to produce small fragments of mutant proteins that may be neurotoxic (17) . Recent evidence has suggested that protein context and post-translational modifications influence the neurotoxicity of the polyQ proteins. In this review, we analyze two aspects of the effect of post-translational modifications on polyQ toxicity: their general effect on cell homeostasis and their specific effect on the polyQ proteins.
PHOSPHORYLATION
Phosphorylation, a highly regulated post-translational modification that regulates protein localization, turnover and function, can be initiated in neurons by various neurotrophin and growth factor signaling and is propagated by kinase cascades. Among the growth factors, insulin-like growth factor 1 (IGF-1) possesses remarkable neuroprotective properties (18) . Binding of neurotrophic factors and IGF-1 to their receptors activates two major signaling pathways: the mitogen-activated protein kinase (MAPK) and the phosphatidyl-inositol 3-kinase/Akt pathways. Alterations in neurotrophic or growth factor signaling are associated with several neurodegenerative conditions such as spinal and bulbar muscular atrophy (SBMA) (19, 20) and Huntington's disease (HD) (21) . Although dysfunction of these signaling pathways is not likely to be the primary cause of neurodegeneration in polyQ disease, it may contribute to disease progression and manifestation.
PolyQ huntingtin (htt), androgen receptor (AR) and ataxin 1 are substrates for Akt. Of remarkable importance is that phosphorylation by Akt has different consequences on these polyQ proteins. Phosphorylation of polyQ htt at serine 421 by Akt results in the decreased formation of nuclear inclusions and reduced toxicity in cultured striatal neurons (22) and in a rodent model of HD (23) . This phosphorylation is reduced in the cortex and striatum of mouse models of HD (24) . Further strengthening the importance of this pathway in HD is the finding that phosphatase calcineurin inhibition increases polyQ htt phosphorylation at serine 421 and reduces striatal neuron death (23) . Recently, Saudou and co-workers have shown that htt regulates vesicle axonal transport (25) . Noticeably, this function is altered by the expansion of polyglutamine, but restored by phosphorylation at serine 421 (26) . Phosphorylation of polyQ AR at serines 215 and 792 by Akt leads to decreased ligand binding and reduced toxicity in cell models of SBMA (27) . If phosphorylation of polyQ htt and AR protects against toxicity, phosphorylation of ataxin 1 by Akt has opposite effects. Phosphorylation of ataxin 1 at serine 776 increases interactions with the molecular chaperone 14-3-3 and results in augmented protein stabilization and formation of neuronal inclusions (28) . In fly models of spinocerebellar ataxia 1 (SCA 1), activation of the phosphatidyl-inositol 3-kinase/Akt pathway can worsen the eye degeneration associated with the expression of mutant ataxin 1. In mouse models of SCA 1, substitution of serine 776 with alanine, a non-phosphorylatable residue, reduces the accumulation of the protein into nuclear inclusions and decreases the toxic properties of the expanded polyQ protein (29) . PolyQ proteins are known substrates of other kinases. For instance, polyQ ataxin 3 is a substrate of casein kinase 2 (30) and glycogen synthase kinase 3b (31) . PolyQ ataxin 3 is phosphorylated by glycogen synthase kinase 3b at serine 256. Substitution of this serine with alanine increases ataxin 3 polymerization, suggesting a role for phosphorylation in ataxin 3 aggregation.
A comprehensive study of htt phosphorylation performed in cell models of HD revealed six serine phosphorylation sites: serines 536, 1181, 1201, 2076, 2653 and 2657 (32) . Of these sites, serines 1181 and 1201 have been shown to be phosphorylated by CDK5 (33) . CDK5 is also known to phosphorylate htt at serine 434 (34) . Interestingly, phosphorylation of htt by CDK5 has various consequences, depending on the serine involved. For example, phosphorylation at serine 434 reduces htt cleavage by caspases and decreases the toxicity of the expanded polyQ protein. Phosphorylation of polyQ htt at serines 1181 and 1201 protects against toxicity, whereas the absence of phosphorylation of normal htt at the same sites confers toxic properties similar to the polyQ protein. Interestingly, CDK5 has recently been shown to suppress polyQ htt toxicity via an additional, htt phosphorylation-independent mechanism (35) .
Several residues have been identified as phosphorylation sites in the normal AR, including serines 16, 83, 96, 258, 310, 426, 516 and 651 (NM_000044) (36) . Phosphorylation of polyQ AR by MAPK (the MEK 1/2 pathway or 44/42 MAPK) at serine 516 is associated with increased toxicity in cell models of SBMA (37) . Interestingly, phosphorylation at serines 426 and 516 has opposite consequences on wild-type and polyQ AR. Loss of phosphorylation converts normal AR into a toxic protein, whereas it reduces the toxicity of polyQ AR (38) . AR phosphorylation at serine 651 is induced by stress kinase signaling and modulates nuclear export, at least in prostate cancer cells (39) . AR is also phosphorylated by tyrosine kinases such as c-src (40) . Phosphorylation of AR at tyrosine 537 regulates ligand-induced transcriptional activation, nuclear translocation and prostate cancer cell proliferation. Cdc42-associated tyrosine kinase Ack1 phosphorylates AR at tyrosines 269 and 365, resulting in enhanced AR transactivation and androgen-independent prostate cancer proliferation (41) . Unfortunately, nothing is known about whether phosphorylation of these sites modulates polyQ AR toxicity.
ACETYLATION
The covalent binding of an acetyl group to lysine residues is a reversible reaction catalyzed by histone acetyltransferase (HAT) enzymes, such as CREB-binding protein (CBP), and its removal is operated by histone deacetylase (HDAC) enzymes. The major targets of acetylation are histones and transcription factors such as AR. Histone and transcription factors acetylation leads to transcriptional activation of specific genes. The disruption of the delicate equilibrium between HAT and HDAC activities results in reduced expression of vital genes in HD (42) . CBP is an acetyltransferase, whose activity is altered in polyQ disease. The polyQ proteins/CBP interaction causes loss of CBP function by decreasing its availability. In fact, the interaction of polyQ htt, atrophin 1, ataxin 3 or AR with CBP sequesters CBP into inclusions, thereby decreasing the amount of soluble CBP (43) (44) (45) and enhancing its ubiquitylation and degradation through the proteasome (46) . Noticeably, the overexpression of CBP protects neurons against the toxicity of expanded polyQ (43, 44, 47) .
Are polyQ proteins direct substrates for acetyltransferases? Normal AR is acetylated at positions 631-634, with an acetylation sequence of KXKK, where K is the lysine and X any amino acid (48) . Loss of function mutations at the acetylation sites of normal AR result in increased aggregation to an extent similar to that observed for polyQ AR (49) . Although these observations suggest a possible role of acetylation in SBMA, further characterization is required to establish whether acetylation alters the toxic properties of polyQ AR.
UBIQUITYLATION
The binding of ubiquitin to a protein occurs through an isopeptide bond formed between lysine residues of a target protein and the carboxy-terminal group of ubiquitin. Ubiquitylation is a reversible and multi-step process that involves at least three classes of enzymes acting in concert with ubiquitinactivating enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin-protein ligase (E3) activities. Proteins can be mono-or poly-ubiquitylated. Mono-ubiquitylation of transcription factors such as the AR regulates gene transcription (50) . Poly-ubiquitylation is generally a signal for protein degradation, which mainly occurs through the proteasome. The inclusions formed by the polyQ proteins incorporate ubiquitin and ubiquitylated proteins, suggesting that the polyQ proteins are targeted for degradation through the proteasome, but are not efficiently disposed of by the cell (51) .
Ubiquitylation plays an important role in polyQ disease. Ubiquitylation reduces polyQ toxicity by enhancing protein degradation. For instance, the overexpression of the ubiquitin ligase E4B increases ataxin 3 ubiquitylation, reduces the accumulation of insoluble species and suppresses neurodegeneration in a fly model of SCA 3 (52) . Overexpression of the ubiquitin ligase Cterminus of Hsp70-interacting protein (CHIP) reduces the aggregation and toxicities of polyQ ataxin 3 and htt (53), AR (54) and ataxin 1 (55) . Overexpression of the E3 enzyme parkin enhances ataxin 3 ubiquitylation and degradation and reduces toxicity (56) . Normal ataxin 3 is a poly-ubiquitin-binding protein whose overexpression reduces the accumulation of various polyQ proteins and suppresses neurodegeneration in vivo (57) . Importantly, the ubiquitin-associated activity of ataxin 3 is required to protect against neurodegeneration.
In contrast, ubiquitylation can also enhance toxicity. Inhibition of the E2 enzyme Hip 2 reduces the accumulation of insoluble fragments of polyQ htt and its toxicity (58) . Recently, CHIP was shown to enhance the ubiquitylation of polyQ ataxin 1, leading to a reduction in solubility and increased accumulation in insoluble aggregates (59) .
SUMOYLATION
The covalent and reversible attachment of the SUMO (small ubiquitin-related modifier) proteins to the side chain of target protein lysine residues is referred to as SUMOylation. One sequence motif for SUMOylation is CKX[ D / E ], where C is a hydrophobic residue, K is the acceptor lysine, X is any amino acid and D/E is an aspartate or glutamate. SUMO co-localizes with neuronal inclusions in autopsy brain and cell models of dentatorubral pallidoluysian atrophy (DRPLA) (60) and HD (61) . Interestingly, the amount of SUMOylated proteins is increased in autopsy brain tissues of DRPLA, SCA 1, MJD and HD patients and in mouse models of SCA 1, suggesting that SUMO modification contributes to neurodegeneration in polyQ disease (62) .
An even more intriguing aspect of the genetic interaction between SUMOylation and polyQ disease emerges from the finding that polyQ proteins, including htt (61), AR (63) and ataxin 1 (64) , are direct target for SUMOylation. Although it is unknown whether other polyQ proteins are SUMOylated, a neural network analysis of protein sequences indicates the presence of putative SUMOylation sites (http://bioinformatics. lcd-ustc.org/sumosp/index.php). SUMO modification of the polyQ proteins is important for their toxicity. Loss of SUMOylation in polyQ htt reduces neurodegeneration (61) , and SUMO modification of atrophin 1 enhances cell death (60) . SUMO modification may influence neurodegeneration with different mechanisms. Enhanced SUMOylation increases the stabilization of htt, possibly due to competition with ubiquitylation at the same lysine residues, and reduces aggregation of polyQ htt (61) . Conversely, SUMO modification increases the aggregation of polyQ atrophin 1 (60) . SUMO modification enhances the repressive effect that the expanded polyQ has on htt-mediated transcription (61) , and a loss of SUMOylation enhances AR-mediated transcription (63) . SUMOylation can modify the subnuclear localization of target proteins and may be important for nuclear localization of polyQ htt (61) and ataxin 1 (64) .
PALMITOYLATION
Palmitoylation is the reversible covalent attachment of a saturated palmitic fatty acid chain to a cysteine residue of proteins. Interestingly, both htt (65) and AR (66) are palmitoylated. Palmitoylation has been implicated in different cellular processes, including protein trafficking, protein -protein interactions and protein stability. For instance, palmitoylation of AR is required for its localization to the plasma membrane (66) . Palmitoylation seems to be particularly important in neurons, where it regulates protein trafficking along neurites and synapse formation (67) . In most polyQ diseases, defects of the antero-retrograde fast axonal transport have been reported as one possible cause of polyQ protein-triggered neurodegeneration. However, whether palmitoylation can impact the toxicity of expanded polyQ AR is not known. A role for palmitoylation in polyQ disease has been proposed for HD (65) . Hayden and co-workers have shown that htt is palmitoylated by the huntingtin-interacting protein (HIP) 14. Expansion of the polyQ tract reduces the interaction between htt and HIP14 and decreases the amount of palmitoylated polyQ htt. Importantly, loss of htt palmitoylation exacerbates toxicity, as it results in increased protein aggregation and cell death.
TRANSGLUTAMINATION
Transglutaminases are a family of calcium-activated enzymes that catalyze the acyl transfer reaction between glutamine residues of one protein and lysine residues of another, leading to the generation of isopeptide bonds that cross-link proteins. In mammalian cells, at least nine members of the transglutaminase family have been identified to date. Transglutaminase type 2 is highly expressed in neurons. PolyQ ataxin 1 (68), AR (69) and htt (70) are substrates for transglutaminases. In the early 1990s, expansion of the polyQ tract was postulated to be associated with increased transglutaminase activity (71) . With time, compelling evidence emerged, showing that alteration of transglutaminase activity may contribute to polyQ disease. Type 2 transglutaminase is upregulated in spiny neurons in the striatum of HD patients (72, 73) and transgenic mice (74, 75) . The evidence that transglutaminase activity is important in polyQ disease came from the observation that ablation of the gene encoding type 2 transglutaminase in HD mice alleviates disease manifestations (76) . Interestingly, the overexpression of type 2 transglutaminase in cultured striatal neurons expressing either wild-type or polyQ htt had opposite effect on cell survival, suggesting that the sensitivity of striatal neurons to transglutaminase activity may depend on cellular context (77) .
PROTEOLYTIC CLEAVAGE
In the 1990s, the idea emerged that proteolysis of polyQ proteins may generate the shorter, diffusible fragments that are thought to be responsible for aggregation. This process, referred to as the 'toxic fragment hypothesis', is strongly supported by evidence, showing that, in most polyQ diseases, aggregates are mainly formed by small polyQ-containing fragments rather than the full-length polyQ proteins. Moreover, most polyQ proteins generate fragments that differ from those released by the corresponding wild-type proteins, suggesting that these post-translational events occur in a polyQ-dependent manner. Htt (17, 78, 79) , AR (17), atrophin 1 (17, 80) and ataxin 3 (81, 82) are cleaved by specific caspases, with htt also being a substrate for calpain (79, 83) . In the striatum and cortex of HD patient brains, intranuclear inclusions contain the amino-terminal-truncated fragments of polyQ htt (51) , and mouse models generated with an N-terminal htt fragment have a more severe phenotype than mice expressing full-length htt.
Caspase and calpain cleavage of polyQ htt occur in a discrete region of the protein. The caspases that cleave htt include caspase 2, 3, 6 and 7 and act on cleavage sites located between amino acids 513 and 586 (17, 84, 85) . Calpains 1 and 2 cleave htt at sites located mainly between amino acids 469 and 536 (86, 87) . Other smaller putative amino-terminal fragments of htt have been reported in post-mortem brain material of HD patients (51) . Noticeably, wild-type htt overexpression results in caspase 3 inhibition, as htt physically interacts with active caspase 3 (88) . PolyQ htt has lower affinity for, and a lower inhibitory effect on, active caspase 3 than wild-type htt, suggesting a contribution of the loss of this function in HD. The relationship between caspase proteolysis and HD pathogenesis in vivo was largely unknown. Only recently, Graham et al. (89) have shown that mice expressing an htt mutated at the caspase 6 cleavage site do not develop behavioral deficits and the pathological signs of HD.
PolyQ atrophin 1 is also cleaved by caspases at aspartate 109, and cleavage site mutations reduce nuclear localization, aggregate formation and cytotoxicity (63, 90) .
In the brain of SCA 3 transgenic mice, neuronal loss is associated with the appearance of a toxic 28 kDa fragment of ataxin 3 containing the polyQ (91) . Ataxin 3 cleavage is blocked by caspase inhibitors, with caspase 1 being one possible cleavage protease, and ataxin 3 fragmentation also correlates with increased ataxin 3 aggregation (81) .
Truncated ataxin 7 fragments are present in the nuclear aggregates of transgenic mice and in SCA 7 patient specimens (92) . Ataxin 7 is cleaved by caspase 7 at two putative cleavage sites, at positions 266 and 344. Mutation of these sites in polyQ ataxin 7 attenuates cell death, aggregate formation and transcriptional dysfunction (93) .
A fragmented form of polyQ AR is present in SBMA nuclear inclusions (94) . PolyQ AR seems to be specifically cleaved by caspase 3 at aspartate 146, and this cleavage is increased during apoptosis (95) . Mutation of this site inhibits perinuclear aggregate formation (96) . Using biochemistry and atomic force microscopy approaches to immunopurify soluble oligomers after ultracentrifugation, Li et al. (97) recently showed that a 50 kDa terminal AR fragment containing the polyQ tract is present in AR oligomers and that these species appear several weeks prior to the onset of disease symptoms in animal models of SBMA.
INTERPLAY BETWEEN POST-TRANSLATIONAL MODIFICATIONS
Post-translational modifications can be reciprocally linked to one other. For instance, phosphorylation affects the proteolytic cleavage of polyQ proteins. AR phosphorylation by MAPK at serine 516 increases the caspase 3-mediated cleavage of polyQ AR (37) . Htt phosphorylation by CDK5 at serine 434 reduces caspase-mediated cleavage at aspartate 513, whereas a serine-to-alanine mutation prevents this CDK5-mediated effect (34) . Phosphorylation of htt at serine 536, a residue located in the proteolytic susceptibility domain, prevents the cleavage of htt by calpain and reduces the toxicity of the polyQ protein (32) .
Phosphorylation of the polyQ proteins can influence SUMOylation and ubiquitylation. Expansion of the polyQ tract reduces SUMOylation of ataxin 1, which is rescued by a loss of phosphorylation of ataxin 1 at serine 776 (64) . CHIP-mediated ubiquitylation and aggregation of ataxin 1 are prevented when serine 776 is mutated to alanine (59) . Phosphorylation of AR by Akt regulates AR ubiquitylation and degradation (98) . SUMOylation and ubiquitylation can compete for the same lysine residues, as suggested for htt (61) .
CONCLUDING REMARKS
The research analyzed in this review brings us back to the question: why are specific populations of neurons vulnerable in each polyQ disease? Or in other words, is polyQ the only determinant for neurodegeneration, or is protein contest responsible for cell-specific death? Although the first polyQ disease was discovered in 1991 (2), the identification of an effective therapy for polyQ disease remains a major challenge. Dissecting the role of post-translational modifications in polyQ disease can shed light into the mechanisms of polyQ neurodegeneration and could ultimately help in developing novel therapeutic strategies to counteract disease progression and manifestations.
